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ABSTRACT
Fei, Fan MSME, Purdue University, December 2014. Principle of Bio-inspired Insect
Wing Rotational Hinge Design. Major Professor: Xinyan Deng, School of Mechanical
Engineering.
A principle for designing and fabricating bio-inspired miniature artificial insect
flapping wing using flexure rotational hinge design is presented. A systematic ap-
proach of selecting rotational hinge sti↵ness value is proposed. Based on the under-
standing of flapping wing aerodynamics, a dynamic simulation is constructed using
the established quasi-steady model and the wing design. Simulations were performed
to gain insight on how di↵erent parameters a↵ect the wing rotational response. Based
on system resonance a model to predict the optimal rotational hinge sti↵ness based
on given wing parameter and flapping wing kinematic is proposed. By varying di↵er-
ent wing parameters, the proposed method is shown to be applicable to a wide range
of wing designs with di↵erent sizes and shapes. With the selected hinge sti↵ness
value, aspects of the rotational joint design is discussed and an integrated wing-hinge
structure design using laminated carbon fiber and polymer film is presented. Manu-
facturing process of such composite structure is developed to achieve high accuracy
and repeatability. The yielded hinge sti↵ness is verified by measurements. To validate
the proposed model, flapping wing experiments were conducted. A flapping actuation
set up is built using DC motor and a controller is implemented on a microcontroller
to track desired wing stroke kinematic. Wing stroke and rotation kinematic were
extracted using a high speed camera and the lift generation is evaluated. A total of
49 flapping experiments were presented, experimental data shows good correlation
with the model’s prediction. With the wing rotational hinge sti↵ness designed so
that the rotational resonant frequency is twice as the stroke frequency, the result-
ing wing rotation generates near optimal lift. With further simulation, the proposed
xv
model shows low sensitivity to wing parameter variation. As a result, giving a design
parameter of a flapping wing robot platform, the proposed principle can predict the
rotational hinge sti↵ness that leads to near optimal wing rotation. Further iteration
can be done around the selected value and achieve the optimal lift generation.
11. INTRODUCTION
Insects (insect) and birds (aves) have long been noted for their extraordinary aero-
dynamic feats such as hovering, making sharp turns, landing on ceiling or do a rapid
evasive maneuver [8]. These abilities, especially among insects, are unparalleled in
any other species or any manmade devices. Detail studies on various insects and birds
show their amazing maneuverability, fruit fly (Drosophila) can do rapid 90  turns in
only 50ms; hummingbird (Trochilidae) can do an evasive maneuver and reverse their
flying direction in several wing beats, and its thought to be the most optimal trajec-
tory [5, 7, 20]. By drastically changing their wing trajectory, these flyers are able to
generate torque to overcome their body inertia forces and air viscous forces to make
fast jerky movements, which are impossible on conventional aerial vehicles. There
are continuous interests in solving the puzzle of how these animals can have such
extraordinary aerobatic abilities. Previously, many studies have been focused on the
aerodynamics of insect flight; the first model used blade element theory to estimate
the lift force [31]. With development in robotics, biological scientists were able to
use dynamically scaled robot flapper to reproduce the wing kinematic of fruit fly in
oil tank [13]. The extracted lift forces give us a good understanding of the mecha-
nisms that help insects and birds to generate the lift of flapping. These mechanisms
are discussed in more detail in Section 2.1. For conventional fixed wing aircraft, the





where c is the chord length of the aircraft wing, U is the free-stream velocity and ⌫
is the kinematic viscosity of air. Flapping flight has changing instantaneous velocity
over the wing stroke and di↵erent local velocities along the wing span; Ellington’s











where c¯ is the mean chord length, U¯t is the mean tip velocity,   is the stroke amplitude,
R is the wing length, f is the wing beat frequency and ÆR is aspect ratio of two
wings [17]. This definition gives the cycle averaged Reynolds number which is closer
to the upper end of the range of the actual instantaneous Reynolds numbers. In this
study we are looking at Reynolds number ranging from 400-7000, this is well within
the range of insects, which is usually under 10000.
Insects use large power muscle (dorsoventral and dorsolongitudinal muscles) to
contract and expand their thorax to flap their wings, they also have group of smaller
muscles to help manipulate their wings [14]. Studies show that there are more than
20 pairs of steering muscles in the insect’s thorax that change force transmission;
some of these muscles change the resonating property of the thorax thus changing
the wing beat frequency, others are attached to the complex wing root joint (sclerite)
that directly a↵ect the wing motion [14,21,41]. Recently researchers developed a new
approach using x-ray microtomography to record and study the movement of these
muscles and attempt to get a better understanding of insect flying motor control [41].
Due to their small size and articulated structure, it is still very hard for biologists
to fully dissect and understand the detailed mechanisms, so it is still unclear how
much e↵ort these muscles actually contribute to the wing rotation or any other wing
trajectory modulation. However it has been observed that at stroke reversal of the
flapping motion, a torsional wave will start to develop from the tip of the wing and
this wave will travel toward the wing root and completely rotate the wing [19]. Study
also has shown that aerodynamic and inertia forces alone are su cient to let the wing
passively rotate without a muscle control [2]. All the mechanical flappers developed
so far make use of such passive mechanism to achieve the wing rotation, although
di↵erent designs have been used.
With the understanding of flapping flight aerodynamics, many attempts have been
made to create an aerial vehicle that mimics the flapping flight mechanism. There are
3many di↵erent designs that generate the required reciprocating motion of the wing.
Successful designs include using a motor to drive a four bar mechanism to convert
continuous rotating motion into reciprocating motion; using piezoelectric actuator
and transmission linkages to generate vibration and amplify it, and using motor to
drive the wing directly by altering its rotating direction rapidly [9,24,25,47]. Di↵erent
aspects of these designs are discussed in Section 2.2. The prototype we are developing
mainly consists of permanent magnets rotor and a coil. By switching the direction
of the current flowing through the coil, it generates alternating torque thus creating
an oscillatory movement of the magnet to drive the leading edge of the wing [33].
The wing itself is allowed to freely rotate about its leading edge in a dry sleeve
with a mechanical stopper limiting the rotation angle. Through optimization, it was
found that this design will be more e cient at smaller scale [4]. However the current
manufacturing capability is very limited; when scaling the prototype to a smaller
scale, the hand crafted wing mass is relatively large, and the friction torque about
the rotation axis does not scale accordingly, resulting in a chaotic wing kinematic.
In order to address these issues, a more advanced manufacturing technique and a
better design of the wing is needed. The current design of the wing on the prototype
mentioned above uses stoppers to constrain the rotation angle, but this increases the
mechanical complexity of the design, and the parts will be very di cult to manu-
facture using traditional means. The variations on the wing mass, precision of the
components, uncertain fitting and in general the repeatability of the whole fabrica-
tion process impose uncertainty to the performance, especially when it comes down to
smaller scale. Using a compliant joint to let the wing rotate about the joint’s bending
axis is a much simpler design and it has been proven to work [24,47]. The fabrication
technique termed ”Smart Composite Microstructures”, or SCM developed by Wood
et al. have enabled flapping wing robots of reduced scales to be developed [46]. Laser
machining provides a great mean of machining, more precisely, cutting thin materi-
als. Laser machining enables precise manufacturing of structures down to micrometer
scale, as well as achieving extremely high repeatability. With this tool, the current
4robotic platform can be further scaled down and create structures that previously
were impossible to achieve by hand.
This study is focused on the design principle of the artificial insect wing for flapping
robots with a flexure hinge design, more specifically, the sti↵ness of the rotational
hinge flexure. With the well controlled manufacturing process, precise geometry can
be manufactured and accurate flexure hinge sti↵ness can be achieved. With this
capability, a method to estimate the wing rotation hinge sti↵ness that generates the
optimal wing rotation dynamics is proposed. Giving a set of wing parameters and
stroke kinematics for a robotic platform, the model can estimate the corresponding
wing rotation hinge sti↵ness needed to achieve optimal lift.
The following chapters are structured as follows. Chapter 2 is a brief introduction
of flapping study, the mechanism and terminology of flapping flight is introduced,
and various lift generation methods are explained. Several robotic platforms utilizing
such lift generating mechanism are compared, the uniqueness of each platform is
introduced. Di↵erent designs using passive rotating wings are introduced. Previous
work involved in the development and characterization of such hinge structure are
summarized. In Chapter 3, using the rigid body dynamics, the equation of motion
is derived for a flapping wing. With emphasis on the wing rotational dynamics,
quasi-steady models were employed to describe the aerodynamic moments and along
with the hinge restoring moment, the complete dynamic equation is formulated. In
Chapter 4, using the dynamic equation of motion, with a prescribed or measured
wing stroke kinematic, the rotational dynamic response can be numerically solved.
Using this simulation tool, a systematic way of tuning the rotational hinge sti↵ness is
formulated. Through extensive case study with changing di↵erent system parameters,
a general trend is discovered and therefore proposed to be used as the model to find
near optimal hinge sti↵ness that can achieve ideal wing rotation and thus lift force.
The sensitivity of this model to di↵erent parameters was simulated and discussed.
After determining the optimal hinge sti↵ness, properly designed joint is needed to
verify the proposed sti↵ness model. The compliant beam mechanism is formulated in
5Chapter 5 and the rotational hinge design is discussed. The limitation on the material
selection imposes trade-o↵ on the design of the hinge. Aspects of the hinge design are
discussed, however, the joint geometry design still requires levels of trail and error.
Wing-hinge structures are designed accordingly. To be able to fabricate such joint,
a well defined manufacturing process is required. With extensive experimentation,
a process to fabricate the wing-hinge structure based on the so called PC-MEMS
was developed. Using laser cutter, precise geometries can be achieved and testing
hinges and wings were fabricated. Experimental results are needed to verify the
proposed method; the setup and results are presented in Chapter 6. Since the study
is focused on tuning the sti↵ness of the hinge, the sti↵nesses of the fabricated hinges
are measured. After ensuring the fabricated joint can achieve sti↵ness value designed,
flapping wing experiments were conducted. To achieve wing trajectory tracking, a
DC motor driven testing flapper is built. High speed camera records the wing stroke
and rotational dynamic and data are digitized for analysis. Experimental results show
good correspondence with the proposed estimation. Finally the potential and future
design modification are presented in Chapter 7.
62. BACKGROUND
Insects and birds’ flying capability always intrigues people. Scientists have been
studying the mechanism of flapping for decades. Unlike fixed wing vehicles, birds
and insects flapping their wing to generate lift, however there are di↵erences between
these two types of species on how they make their way into the sky. Large birds
usually flap their wing in a near vertical plane with a plunging and heaving motion
that generates thrust for them, but they still rely on forward velocity to generate
and maintain lift. This is why large birds usually need to run before they take o↵
or to take o↵ facing the wind. On the other hand, most insects or some small birds,
especially hummingbirds, flap their wing in a near horizontal plane. Their wings are
at a high angle of attack (AoA) around 45 . They are able to generate a lift that
equates their body weight, which makes them able to hover. They fly forward by









Figure 2.1. Schematic of flapping wing, showing the wing motion.
The line indicate the position and angle of the wing, the black dot
indicates the leading edge. Adapted from [38].
The kinematic of flapping flight consists of mainly four stages: two translational
and two rotation motions. A brief schematic is shown in Figure 2.1. The ventral-
to-dorsal and dorsal-to-ventral sweep of the wing is conventionally termed upstroke
7and downstroke. At the end of upstroke, the rotation of the wing is termed prona-
tion, where the wing rotates and points the leading edge forward; and at the end of
downstroke, the wing rotates and points the leading edge backward, this is termed
supination. During upstroke and downstroke the leading edge of the wing usually
stays within a plane termed stroke plane, and the change of wing flapping direction
is termed stroke reversal. Pronation and supination usually happen near stroke re-
versal, where the wing rotates about a span-wise axis, this is also commonly called
wing rotation and the span-wise axis is termed wing rotational axis.
With measured insect wing kinematic, researchers were able to repeat the same
motion using a dynamically scaled robot flapper. Flapping an artificial wing in an oil
tank, with the high viscosity of the fluid, the wing is allowed to flap slower and yet
remains the same Reynolds number as on insects. This lets scientist carefully measure
the lift force generated. Another approach is to use computational model to simulate
the fluid flow and calculate the lift generation. These works helped researchers to
discover the mechanisms insects use to generate the large lift. A detailed review by
Sane summarized these works in [34].
2.1 Lift Generating Mechanisms of Flapping Wings
2.1.1 Clap and Fling
Among all the unsteady mechanism, this is the first one to be introduced. It is
also termed Weis-Fogh mechanism. Lighthill gave a detailed explanation later on [27].
Insects employ the clap motion by touching the two wings leading edge first at the
end of an upstroke, then the wing rotates (pronation) and touching the trailing edge.
(Figure 2.2 A-C). This mechanism benefits the flight in two ways. The trailing edge
vortices generated by the two wings during this stroke are in opposite directions, and
they will reduce the trailing edge vortex shed during the next stroke. This will allow
the circulation to generate faster and increase the lift during the next stroke. Also







Figure 2.2. Schematic of clap and fling mechanism, A-C show the
clap at the end of upstroke, D-F show the fling motion that begins
the downstroke, adapted from Sane [34].
downward (Figure 2.2 C). This also helps to generate lift. Following the clap is the
fling motion, when the two wings apart from the leading edge while the wing is still
pronating. A low-pressure region is formed about the wings, this will help to start
the circulation of the leading edge vortex which is important for generating lift.
2.1.2 Rotational Circulation
The work by Dickinson et al. (1999) reveals that the rotation of the wing (prona-
tion and supination) also provides lift. The experiments done on a robotic flyer show
peak on the force measurement during the time of rotation (Figure 2.3).
This mechanism is termed Kramer e↵ect. It is known that when the wing is
translating, to maintain the rear stagnation point at trailing edge, a circulation due
to translation is formed around the wing. Based on the Kutta-Joukowski theorem,
the lift force generated is proportional to this circulation. When the wing undergoes
pronation or supination, the angle of attach is changing so fast that the Kutta con-
dition at wing’s trailing edge is broken. Due to the viscous e↵ect of the fluid, an
additional circulation around the wing will be formed in the same direction as the
9wing rotation and try to re-establish the Kutta condition to maintain the stagnation
point at trailing edge. After the wing completes the rotation and enters the trans-
lational phase, the Kuta condition will be satisfied again. When the wing rotates
before the next stroke, termed advanced rotation, the wing is rotating in the same
direction as the translational circulation therefore additional lift is produced. How-
ever if the wing rotates after the next stroke, termed delayed rotation, the rotational
circulation will create negative lift as it is in the opposite direction of translational
circulation. If the rotation happens at the switching of the two strokes, no additional
































Figure 2.3. The lift force measurements on a dynamically scaled
robotic flapper. The red vector is the measured instantaneous force.
The rotational lift force is shown by the black curve. The peaks
resulting wing rotation are marked with black dot. The peaks result-
ing wake capture are marked with white dot. Adapted and modified
from [13].
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Advanced and delayed rotation is also very important for translational lift genera-
tion as well. Because if the rotation is very delayed, during that delayed period before
wing rotation completes, the instantaneous angle of attack will be greater than 90 
which will generate negative lift. The timing of the rotation also provides means for
insects to modulate their lift generation, potentially this can be applied on flapping
robots as well [13].
2.1.3 Wing Wake Interaction
When an insect is hovering, the flapping wing will encounter its own wake from
the previous stroke. The wing will harvest the energy in the vortex generated from
last stroke. This is termed wake capture which is also explained by Dickinson et al.
in their experiments. A significant lift force peak can be observed from the force
measurement right after the stroke reversal. When the wing rotates near the end of a
stroke, a strong velocity field is produced between the shed trailing edge vortex and
leading edge vortex. After the wing reverses its direction, it pushes against the wake
(mainly the enhanced velocity field) from the previous stroke and this additional fluid





















Figure 2.4. The wake capture mechanism, during each stroke, the
leading and trailing edge vortex system will generate a vortex stream,
when the wing comes back and encounters the wake, large lift force is
generated. Adapted form Lehmann [26].
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A PIV visualization result by Dickinson shows the evidence of strong vortex at
stroke reversal, and for an advanced rotation, the velocity of the wake is much higher
than a delayed rotation. To verify this hypothesis they measured the force on a
wing that flaps and rotates but comes to a complete stop before stroke reverses.
The measurement shows that the wing will continue to generate lift after it stops,
however if the wing rotation is advanced, the lift force is positive, and if the wing
rotation is delayed, the lift is negative. They conclude that the combined e↵ect of
wake capture along with the rotation circulation provides lift for the insect. However
it is still debatable whether this peak in the lift generation is from wake capture or
it is because of the acceleration of the wing.
2.1.4 Delayed Stall
The most interesting phenomenon is delayed stall. This can be attributed to the
leading edge vortex (LEV). The leading edge vortex is well known on delta wings.
The span-wise vortical flow stabilizes the leading edge vortex and generates the extra
lift because of the low pressure [50]. LEV is common in flapping aerodynamics and
can be found at Reynolds number lower than 10000.
When the wing is traveling against the flow at a high angle of attack, unlike
conventional airfoil, the airfoil of insect wing has a sharp leading edge, the flow
separates from the leading edge then reattaches to the wing. The flow over the
vortex flows smoothly from the leading edge to trailing edge maintaining the Kutta
condition until the LEV detaches, as depicted in Figure 2.5. The high angle of attack
and the low pressure generated by the vortex provide the wing a great lift force [34].
According to the work of Dickinson et al., if the wing has a purely 2D translational
motion, like conventional fixed wing aircraft, the leading edge vortex will keep growing
towards the trailing edge and can no longer reattach, the Kutta condition breaks and
vortex will detach from the wing. The lift suddenly decreases and the wing is stalled.
A second vortex will develop from the trailing edge again. As the wing travels, the
12
vortex will generate alternately from leading edge and trailing edge, forming a von
Ka´rma´n vortex sheet [12].
FResult = FSuction + FNormalLift
Drag
Figure 2.5. The leading edge vortex, the lift is enhanced by the
additional suction force due to the low pressure. Adapted from [34].
However in three-dimensional flow, the vortex is not detached from the wing.
Ellington et al. uses smoke visualization to observe the flight of hawkmoth (Manduca
sexta) and found out that LEV forms a steady span-wise flow starting from the wing
root to approximately three quarters of the distance of the wing span [45]. This is
also confirmed by Bomphery et al. using PIV to study the flow field around the
wing of hawkmoth and other insects [3]. The LEV is stabilized because the fluid is
flowing more toward span-wise direction, so the LEV will not grow in the chord-wise
direction preventing it from reaching the trailing edge and therefore detacheing. At
lower Reynolds number, the leading edge vortex will even connect with trailing edge
vortex and form a vortex ring [37].
2.1.5 Added mass
Added mass is the mass of the surrounding fluid of the wing when it accelerates.
Due to its inertia, when the wing is at stroke reversal, the air around the wing still
wants to move in the direction of the stroke while the wing comes to a stop, ready
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to reverse its motion. This creates a moment on the wing and helps the insect to
rotate their wing and generate lift. The added mass force is always referring to the
reaction forces and moments that come from the potential flow without circulation,
when the wing accelerates, the reaction force from the fluid provides the additional
lift. The e↵ect of added mass is still debatable, because it is di cult to separately
measure the force from added mass and the circulatory force from wing rotation and
wake capture. Simulation by Sun shows that the previous shown wake capture e↵ect
is largely due to the acceleration of the wing rather than the wing catching the wake.
They simulate the fruit fly flapping motion and calculate the lift force using a CFD
model. A second simulation is done where the wing is at rest in the beginning and
then starts to accelerate to simulate the wing kinematic of the fruit fly wing after
stroke reversal. This eliminates the wake and the accelerated fluid field from the
previous stroke, but the lift force is nearly identical [40]. This suggests that the large
lift after stroke reversal is largely due to the wing acceleration. Added mass is usually
modeled quasi statically based on the work of Sedov using the potential flow solution
of a two dimensional translating and rotating body [36,44]. This will give an estimate
of the contribution of the added mass e↵ect.
2.2 Previous Flapper Platform Design
With the understanding of how animals generate lift and their ability to fly, many
attempts have been made to try to mimic flapping flight using man made mechanisms.
There are several competitors in the field of flapping flight. At larger size, wing beat
frequency is usually lower; commercial motor usually has high e ciency, so it is
natural to use motor as a power source. Four bar linkage mechanism are often used
to transmit the rotary motion into reciprocating movement. Recently a new way of
driving with motor has been developed which uses the motor to directly drive the
wing spar at the resonant frequency of a torsion spring [52]. This method enables the
ability to control the wing kinematic comparing to the fixed wing kinematic provided
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by a four bar design. At smaller scale, wing beat frequency is usually higher, which
is impossible to use motor to drive directly. Piezoelectric provides a high frequency
actuation method, however it requires high voltage, which imposes great challenge
when trying to develop the battery and power circuit. Using a bending piezoelectric
cantilever beam, the vibration can be transmitting into the reciprocation motion.
2.2.1 Delfly
Delfly is an ornithopter like flapper first developed by a group of undergradu-
ate students as their senior design project at Delft University of Technology in the
Netherlands. It is only capable of forward flying but not hovering. Delfly uses a
single motor to provide power, and it has two cranks that attach to the wing spar to
drive the wing back and forth. This mechanism gives a fixed wing kinematic, wing
has a biplane flapping wing design, which utilizes the clap and fling mechanism to
generate lift. Since the wing kinematic is fixed, control surfaces have been added to
the Delfly to maneuver the flyer. Like fixed wing airplane, Delfly has a tail, which
adds damping to the system and makes it stable and easy to control.
Figure 2.6. A flying Delfly II, adapted from [9].
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They used a top-down design strategy, which is to build a working robot then study
and experiment on the robot to gradually modify and optimize each component of the
system. Their initial design has a wingspan of 50cm and weights 21g with onboard
camera and battery. Over the years many modifications have been made and the
latest model is called Delfly Explorer, which has 28cm wingspan, weighs 20g and
can sustain 9 minutes flight time. Due to the large size it has a rather low flapping
frequency around 10Hz. They also managed to reduce the size of the vehicle, the
Delfly Micro has a wingspan of 10cm and weighs 3g and can sustain flight for about
3 minutes. They main catch of the Delfly is that it is the first fully autonomous
MAV that employs the flapping mechanism to generate lift. The Delfly Explorer has
a 4-gram onboard stereo vision system to detect obstacle to avoid. The researcher’s
goal for Delfly is more of entertaining purposes rather than increase the agility or
performance of the flyer.
2.2.2 Nano Hummingbird
Nano Hummingbird is a small hovering ornithopter developed by a commercial
company called AeroViroment as a part of the Defense Advanced Research Projects
Agency (DARPA) Nano Air Vehicle (NAV) program [25]. Although it is called or-
nithopter, like hummingbird, it flies the same as insects. Unlike Delfly, it can hover
and more importantly it modulates the wing motion to control its flight. Nano Hum-
mingbird weighs 19g and has a wingspan of 16.5cm, the forward speed is up to 6.7m/s
and has an onboard camera. The Nano Hummingbird is di↵erent from any other or-
nithopter because like real hummingbird, it uses the two wings to generate lift as well
as control. Although it is remotely controlled by a ground station, it was able to
do roll, pitch and yaw maneuver like a helicopter, which is unprecedented and quite
remarkable.
The development of Nano Hummingbird went through a lot of changes, from the
first prototype that is similar to a Delfly to the final product that looks like a real
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Figure 2.7. The first prototype and the final Nano Hummingbird,
adapted form [25].
Figure 2.8. String based flapping mechanism. The blue and red
strings are the driving strings; the black and green string connects the
two pulleys to keep them having the same phase, adapted from [25].
hummingbird, shown in Figure 2.7. The final Nano Hummingbird has a motor driven
flapping mechanism, a nano servo control system, control electronics and a battery.
Unlike usual ornithopter with crank or four bar mechanism, Nano Hummingbird has
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a unique string based flapping mechanism. The motor is driving a small crankshaft
with two strings attached to it and the two strings are connected to the two pulleys
that drive the wing spar. As the shaft rotates, the string pulls on the two pulleys
and provides them an oscillating motion. This design reduces the total mass that
is doing oscillatory motion, which increases the system e ciency and also resolved
the mechanical wearing issue. The control for mechanism utilizes two methods, wing
rotation and wing twist modulation. By changing the limits on wing rotation, the
angle of attack is changed and thus generates di↵erent lift. Another means is to
modulate the amount of twist that can happen on the wing by e↵ectively changing
the angle between the leading edge and the trailing edge. The resulting mechanism
is quite complicated, shown in Figure 2.9. However this design is to meet DARPA’s
goal which is a 10-gram unmanned bio-inspired vehicle of size under 7.5cm with up
to 10m/s forward velocity. For an insect scale robot, such intricate mechanism is
impossible to achieve.
Figure 2.9. Nano Humming bird control mechanism, adapted from [25].
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2.2.3 RoboBee
Figure 2.10. Harvard latest RoboBee, adapted from [6].
The RoboBee from Harvard University is the smallest bio-inspired flapping wing
robot so far. The robot was originally called Robo-fly because it is based on the
morphology of a fly. The latest RoboBee weighs only 80mg with a wingspan of
3cm and it flaps at 120Hz with a stroke amplitude of 110 , it can generate a lift
to weight ratio of 2. RoboBee uses a piezoelectric cantilever bending actuator as
its main driving source with a high power density around 400W/kg, a bandwidth of
1000Hz and provides a ±40µm displacement. The displacement generated on the
cantilever beam is amplified by a linkage transmission to drive the wing. The wing
rotates passively about a compliant joint. The angle of attack of the wing is purely
passive and it is governed by the aerodynamic moment and the hinge’s restoring
moment on the wing. The original RoboBee uses one cantilever actuator to drive
both wings. The most recent model has switched to using two actuators to drive
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the two wings separately [29]. Similar to Nano Hummingbird, RoboBee uses the two
wings to produce lift as well as control e↵ort. But unlike Nano Hummingbird’s fixed
wing kinematic, RoboBee is more like real insect and hummingbird. Benefit from
the two actuator, independent control of the wing give RoboBee the ability to create
torque about all three body axes. Roll torque can be generated by flapping two wings
with di↵erent stroke amplitude; pitch torque is generated by shifting the mid stroke
back and forth; and yaw torque is generated by flapping two wings asymmetrically on
each wing stroke, the di↵erence in the drag force will provide a yawing moment. Using
these di↵erent asymmetric wing beats to generate non-zero body forces thus creates a
torque, this control scheme is introduced by Oppenheimer and it’s termed split-cycle
constant-period frequency modulation [16]. The center of weight of the RoboBee is
below the wing, which also adds damping to the system. Using this control authority,
RoboBee achieved controlled hovering and some basic maneuvering [29], and later
with adaptive control, it achieved vertical take o↵, landing, lateral maneuvering and
hovering with less error [29].
The reason RoboBee sets a benchmark in the field of insect sized flapping wing
robot is because of its high lift-to-weight ratio, the small size, and the precise fab-
rication technique. From the actuator to the body frame, all the components are
machined using laser, the precision makes the small size possible. However, because
of the small size and the light weight, it is more di cult to add in other sensors or
control circuitry. The piezoelectric actuator requires a high driving voltage above
100V, this imposes a great di culty on providing power to the flyer onboard.
2.2.4 CMU Direct drive FAV
Another designed is using motor to directly drive the wing spar [52]. NanoRobotics
Lab at Carnegie Mellon University used this method to develop a flapping wing robot
that weighs 2.7g, shown in Figure 2.11. The flapper is rather large, it has a wingspan
about 20cm and can generate a peak lift to weight ratio of 1.4 flapping at 10Hz.
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7cm
Figure 2.11. Motor direct drive flapping with compliant joint, adapted from [23].
This flapper only consists of two motors and two wings, it is just a demonstration of
the feasibility of motor direct drive, and demonstrates the ability of generating Roll
and Pitch torque and tethered lift o↵, since there is no feedback, it is not able to
perform controlled hover yet. This design also uses a flexible wing rotation joint and
the wing is allowed to freely rotate. This passive rotational joint is the main focus of
this study.
2.3 Previous Rotational Joint Design
It is known that wing rotation can be achieved passively by inertia and aero-
dynamic moments [2, 19]. Most of the flapper designs utilize such mechanism. At
a larger, usually centimeter scale, the flapper has more room for structural design,
traditional mechanical devices can be used to create or alter wing motion. The stop-
per mechanism designed for Nano Hummingbird uses two rods that stem out from
the wing root to limit the wing’s rotation angle, as shown in Figure 2.12. However
even at comparatively large scale, this mechanism is to complex and not used. A
more compact design is proposed and used on the electromagnetic flapper designed
by Roll [33]. A stationary pin is located parallel and above the wing’s rotational axis,
and the stopper is attached to the wing to limit its rotation angle.
As the scale of the robot goes into millimeter scale, conventional mechanisms and
fabrication techniques for designing robot are no longer suitable. Using composite
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Figure 2.13. Stopper mechanism used on electromagnetic flapper
prototype, adapted from [33].
material, Wood et al. first proposed the flexure joint wing rotation hinge design back
in 2003; flexure material and carbon fiber are used to create a hinge and linkage
mechanism to mimic the insect’s thorax [49]. This spherical 5-bar linkage connects
to the wing’s leading edge and trailing edge and governs the entire wing’s motion by
rotating the wing while it is flapping, as shown in Figure 2.14. However small and
easy to fabricate, this design is overly complex and not used.
To take advantage of the passive aerodynamic mechanism, later an under-actuated
passive rotation hinge was then used in the design of RoboBee. The initial design
employs similar structure as the joint design presented above that uses two sheets of
carbon fiber to sandwich a single layer of polymer film in between to create a joint
as shown in Figure 2.15. The length of the joint is designed such that the edge of the
carbon fiber sheet can be used as a stopper to prevent the wing from over rotating
during a stroke [48]. The maximum angle of wing rotation is completely dependent on
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Figure 2.14. Five bar wing driving mechanism, adapted form [46].
the geometry of the joint, like any other stopper, the wing will experience an impact
at the end of every stroke, which will induce wearing and deformation overtime.
Figure 2.15. Composite insect thorax mechanism and wing design
using flexible joint, the two sheets of carbon fiver on the joint serve
as a stopper when it rotates , adapted from [48].
To study how the aerodynamics is governing the wing rotation dynamics, later
Whitney proposed model to estimate the wing rotation using blade element theory;
with this model, the joint does not have mechanical limits on rotation [44]. Wing
rotation is only driven by the aerodynamic force and can be estimated using this
model. However this model does not take into account the elastic restoring moment
of the joint. To understand and use the elastic property of the hinge material, a
subsequent study was done by Desbiens et al. to try to characterize the sti↵ness of
the joint. By sweeping through all the operating frequencies and driving voltages,
they conclude that an empirical fit between maximum wing rotation angle and wing
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tip velocity can be found for a single hinge sti↵ness. By conducting a frequency sweep
and a voltage sweep, the maximum wing rotation angle can be predicted for a given
hinge sti↵ness k, stroke amplitude  and flapping frequency f [11]. The study also
discovered that a sti↵er joint will result in an advanced rotation which helps generate
lift, a softer joint will increase the rotation angle which also increases the lift if it is
less than 45 . This characterization method still requires large amount of experiments
and provides no means of estimating a hinge sti↵ness for a given flapping condition.
2.4 Passive Rotational Hinge Design In This Work
Aiming to find the optimal sti↵ness that provides maximum lift for a given flapping
condition, in this study we developed a simple model to describe the hinge sti↵ness.
Based on established aerodynamics models a simulation that predicts the wing rota-
tional response based on the wing parameter and wing stroke kinematic is developed.
The goal for the wing-hinge design is to be able to generate maximum lift using such
structure, which is to achieve a near 45  angle of attack during the wing stroke for
an extended period of time. Since the wing rotational response is entirely governed
by the aerodynamic moment and the hinge’s spring moment, which is proportional
to the hinge’s rotational sti↵ness, ideally a sti↵ness value can be found that the two
moments are well balanced such that a desired wing rotation angle can be achieved
during a large portion of the wing stroke. A non-dimensional frequency is introduced
and the hinge sti↵ness can be determined by this frequency value based on resonance
mode. Through extensive case study and tuning using this non-dimensional number,
a near ideal relationship between the hinge sti↵ness and the stroke frequency is found.
With the sti↵ness value discovered, design principles of such hinge using flexure ma-
terial is also studied. This relationship and the design aspects together will provide a




In order to study the e↵ect of the sti↵ness to the wing rotation response, a com-
plete model that describes the wing motion is needed. Previous studies by biologists
and physicists has provided su cient experimental and computational fluid dynamics
(CFD) data, most noticeably the wing lift and drag measurement by Dickinson and
the CFD model by Wang [13, 15, 42]. The time varying lift and drag measurement
and computation results provides a great quasi-steady estimate of the steady and un-
steady aerodynamic forces applied on the wing during the sinusoidal flapping motion.
Using a blade element method, the moment and forces governing the rotation of the
wing can be calculated. In this chapter, based on a prescribed wing stroke kinematic,
the complete wing rotation equation of motion is derived.
Usually for analyzing flapping flight, the insect or the hummingbird’s body is
modeled as two or three rigid bodies as head, thorax (or body) and abdomen (or
tail). For flapping wing robot, the body is usually a single rigid body. Since the
rigidity of the wing is very high, the wing can also be modeled as one rigid body. A
model of a single wing following a fixed stroke kinematic using quasi-steady model
is derived here to try to understand the rotational dynamics of the wing, and the
model is used to estimate the wing trajectory. The coordinate system and the angles
of the flapper and its wing are shown in Figure 3.1. The X, Y, Z frame is fixed on the
flapper’s body and the origin sits at the shoulder of the wing where X is the body roll
axis, Y is the pitch axis, and Z is the yaw axis. The shoulder is the point where the
wing is rotating about. The x, y, z frame is fixed on the wing; y is the wing rotation
axis, z is pointing upward with in the wing plane, and x is normal to the wing. The
x00, y00, z00 frame moves with the wing stroke,  is the stroke angle the x0, y0, z0 frame
moves with the stroke plane deviation,   is the stroke plane deviation angle and the
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wing rotation angle is ✓. For a flapping wing robot, usually only one external driving












Figure 3.1. Coordinate system definition on a model flapper during
up stroke. Origion O is the center of rotation.
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3.1 Rigid Body
Consider the wing as a plate rotating about point O with the body fixed frame










where ~HO is the total angular momentum for the rigid body about point O, ~! is the
angular velocity of the rigid body and P is any point on the rigid body where ~rPO is
the position vector of point P :
~rPO = xiˆ+ yjˆ + zkˆ. (3.2)
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Then the angular momentum equation becomes:
~HO =
h
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For a thin wing (x⌧ y, z), we can make the simplification that x ⇡ 0, then:
Ixy = Iyx = 0
Ixz = Izx = 0
Ixx = Iyy + Izz.
(3.7)





The time derivative is about the space fixed frame, in this case, about the X, Y, Z
frame.
~MO = H˙Oxiˆ+ H˙Oy jˆ + H˙Ozkˆ + ~! ⇥ ~HO. (3.9)
The system can be modeled in many di↵erent ways; it can be modeled as a three
degree of freedom oscillatory system with a single torque input. In this study, the
wing is following a fixed stroke kinematic with only one degree of freedom, the wing






























This is the equation of motion that governs the wing rotational dynamic. The total
angular velocity of the wing is:
~! =  ˙Kˆ +  ˙iˆ00 + ✓˙jˆ0. (3.12)
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Using Euler angle transformation we can express the angular velocity of the wing
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Assuming the stroke plane deviation is very small (  ⇡ 0,  ˙ ⇡ 0), we can reduce
Equation (3.13) to:
~! =   ˙ sin ✓iˆ+ ✓˙jˆ +  ˙ cos ✓kˆ. (3.15)
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Taking the time derivative of the angular velocity we get:
~˙! =
⇣




 ¨ cos ✓    ˙✓˙ sin ✓
⌘
kˆ. (3.16)
Combining Equations (3.11), (3.15) and (3.16) we have:
MOy = Iyy✓¨   1
2
Iyy ˙
2 sin 2✓ + Iyz ¨ cos ✓. (3.17)
MOy is the total external moment exerted on the wing about the rotational axis,
it includes the aerodynamic moments and the hinge restoring moment. With the
knowledge of all the moments about y-axis, the stroke kinematics and the moment of













Figure 3.2. Morphological parameters of the wing platform.
Before we can calculate the moment on the wing, we need to know the exact
shape of the wing and a parameterization is needed. Commonly used wing mor-
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phology formulation is based on Ellington’s definition using probability distribution
function [18]. The parameters are non-dimensionalized for comparison between dif-
ferent species. The coordinate system used to describe the wing usually does not
coincide with the wing fixed frame discussed in Section 3.1. The origin o is the wing
root, which has o↵set yr and zr from O. r is the span wise axis and z˜ is the chord wise
axis. The wing length Rw is the length measured from the wing root to the wing tip
along the span wise direction. The leading edge profile is zLE(r) and the trailing edge
profile is defined by chord length c(r) and zLE(r). Since there is no clear definition of
zLE(r) yet, for simplicity of the design, zLE(r) is set to be zero. The wing parameters



















With c¯ and Rw, we can non dimensionalize these parameters: wing length rˆ ⌘
r/Rw, leading edge profile zˆLE(r) ⌘ zLE(r)/c¯, chord length cˆ ⌘ c/c¯, y-wing root o↵set
yˆr ⌘ yr/Rw and z-wing root o↵set zˆr ⌘ zr/c¯. In our study, zˆLE(r) is zero, we need to
parameterize cˆ(rˆ). This is done by using the area moment, the k-th moment of area





The first moment of area is the centroid of the wing, rˆ1 denotes the distance of
the centroid from the z˜ axis. The second moment of area is also called the moment of
inertia of area, it describe the area distribution of the wing. If assuming the wing mass
is uniform across the entire wing, then the moment of inertia will be proportional to
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the second area moment, which drives the inertia torque. Weis-Fogh found that the
mean lift is also proportional to the second area moment, it is natural to choose rˆ2 as
a design parameter. In Ellington’s work, a correlation between the centroid rˆ1 and






since we use rˆ2 as the driving parameter.
A way to get an analytical function to describe the wing shape is also proposed by
Ellington, which provides a great tool for aerodynamic modeling. A beta distribution
is used to try to construct and approximate the insect wing shape:
cˆ(rˆ) = rˆp 1(1  rˆ)q 1/B(p, q), (3.24)





p and q are the two parameters that determine the shape of the distribution. By
matching the moment of the beta distribution with rˆ1 and rˆ2, the two parameters
















With the above parameterization, a wing shape can be fully defined by three key
dimensional parameters: wing length Rw, aspect ratio ÆR, and the second moment of
area rˆ2.
For the convenience of analyzing the aerodynamic force, and the simplicity of
design, yr and zr are set to be zero. The o↵set along y-axis still exists, but this could
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be incorporated into c(r), and thus the y, z coordinate is aligned with r, z˜ coordinate.
For analyzing the aerodynamic force on the wing, r, z coordinate will be used. The
new wing length becomes:
R = Rw + yr. (3.28)
This will give us a wing of which the chord length is zero from span-wise location 0
to yr. After this transform, all the area moments need to be recalculated. The afore-
mentioned area moment is defined to design the wing shape, while the recalculated
area moment will be used in the calculation of aerodynamic forces.
3.3 Aerodynamics
In order to solve Equation (3.17), we need to know the moment applied on the
wing, one part of it is the aerodynamic moment. Blade element provides a useful tool
for calculating the aerodynamic loading on the wing. The quasi-steady model does
not include all the mechanisms for lift generation, but it gives a very good estimate
of the overall trend and the magnitude of the aerodynamic forces.
The aerodynamic force is usually divided into two components, lift and drag. The
drag force is within the stroke plane along the direction of the stroke and the lift force













where FL is the lift force and FD is the drag force, ⇢A is the air density, V is the
instantaneous velocity and S is the reference area. Rearranging Equation (3.29) and
putting the force on the left hand side will give us the force equation.
The blade element approach is just applying these force equations on to a thin
chord-wise wing strip. Since it is based on the instantaneous flow condition, it is called
a quasi-steady model. The force coe cients are determined experimentally, and it is
a function of angle of attack. Although the blade element approach only accounts for
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the translational lift, the unsteady mechanism can also be captured because of the
periodic nature of flapping flight. These unsteady mechanisms can not be modeled
directly, but at the time instants the rotational and/or wake capture lift occur, the
corresponding lift coe cient at that angle of attack takes into account not only just
the translational lift, but also the unsteady lift. These coe cients are obtained from
experiments under hovering condition with periodic flapping kinematic, if applied
directly to a di↵erent flapping kinematic, the estimated force will be inaccurate.
3.3.1 Aerodynamic Forces
From the wing kinematic we know that the instantaneous angular velocity of
the wing about Z-axis is   ˙ (Equation (3.13)), assuming no stroke plane deviation
( ˙ = 0). Then the relative velocity of a di↵erential wing strip is  ˙ (r + yr), since yr
is incorporated into c(r), the velocity is simply:
v(r) =  ˙r. (3.30)


















where FL is the lift force, FD is the drag force, FN is the normal force which is the
vectorial sum of FL and FD. CL(↵), CL(↵) and CN(↵) are lift, drag and normal force
coe cients as functions of angle of attack ↵.
The angle of attack is defined as the angle between the instantaneous fluid velocity










The lift and drag coe cients have shown consistency from oil tank experiments
[13], and from CFD model [1] and follow a sinusoidal form. Dickinson’s fit takes the
form of:
CL(↵) = 0.225 + 1.58 sin(2.13↵ + 7.20)
CD(↵) = 1.92  1.55 sin(2.04↵ + 9.82).
(3.33)
But it can be simplified into a general form:


















These coe cients are also related to the Reynolds number and the wing shape, which
can be later tuned to ”fit” the experimental results.
The normal force acting on the wing is simply:
CN(↵) = cos(↵)CL(↵) + sin(↵)CD(↵). (3.36)
Plugging in the parameter in Equation (3.35):
CN(↵) = 1.8 sin(2↵) cos(↵) + 1.95 sin(↵)  1.5 cos(2↵) sin(↵), (3.37)
This is a 2⇡ periodic function, we can simplify it as:
CN(↵) = 3.48 sin(↵). (3.38)













The integral above is defined as the non dimensional aerodynamic force Fˆ , and it is














The aerodynamic moment applied on the wing about the Z-axis can be calculated
from drag force similarly:




















which is the cube of the third area moment of the wing.
3.3.2 Translational Aerodynamic Moment
The moment created by the aerodynamic forces about the rotational y-axis is the
sum of all the moments created by the force on each chord-wise strip. The force can
be simplified as a single concentrated force acting on the center of pressure on each
chord-wise strip.











where dˆcp is the non-dimensional center of pressure measured from the leading edge.
In order to simplify the model, we can further reduce the linear approximation down
to:
dˆcp(↵) = 0.29 |↵| (3.47)
With the location of center of pressure, we can write down the moment about
y-axis as:

































Figure 3.3. Image on the left shows the moment created by wing
translation, the total aerodynamic normal force on each span-wise
strip acts on the center of pressure. Image on the right shows the
moment created by wing rotation. Each span-wise strip divided into
chord-wise pieces, the relative velocity due to wing rotation is di↵erent
for every chord-wise location.
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3.3.3 Rotational Aerodynamic Moment
The previous discussed moment is mainly due to the aerodynamic force from wing
translation. The rotational damping term only takes the relative velocity from the
rotation of the wing into account, it is the dynamic pressure induced damping from
the air when the wing is rotating about the leading edge, depicted in Figure 3.3. Since
the relative velocity varies with the location along the chord line, a chord-wise strip
is further divided into smaller elements.
The relative velocity of an element at point z on any chord line is ✓˙z. We can use
Equation (3.29) to derive the expression for the di↵erential moment acting on each
element.
Similar to Equation (3.31), we can write down the di↵erential force using Equation






where Crd is the rotational damping coe cient.
The moment it created about y-axis is:





Integrating along the chord, we can get the total moment about y-axis from a single





























Study by Whitney et al. suggests that the rotational damping coe cient Crd = 5.0
fits the measurement the best, therefore is used in this study [44]. These empirical
coe cient values are not highly sensitive to the results, but selecting the ”best” value
is very di cult because errors are introduced in every coe cient. Since there is no
direct measurement of the moment about a rotational axis, this coe cient is later
tuned to improve the prediction.
3.3.4 Added Mass damping
Added mass force and moments ususlly use the solution outlined by Sedov [36]:
Z0 =   zW˙0    xzU˙0 +  z!⌦˙0 + ⌦0 ( xzW0 +  xU0    x!⌦0)
X0 =   xzW˙0    xU˙0 +  x!⌦˙0   ⌦0 ( zW0 +  xzU0    z!⌦0)
My =  
h
   z!W˙0    x!U˙0 +  !⌦˙0 +  xz
⇣
W˙ 20   U˙20
⌘




where Z0 is the force along z-axis, X0 is the force along x-axis, My is the moment
about y-axis, U0 is the velocity component along x-axis, W0 is the velocity along












where a is the half chord length. All other coe cients for a thin plate are 0. In Equa-
tion (3.56), there are many cross term between translation and rotation, these terms
have similar e↵ect as the rotational force and damping, which are already included
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in the blade element analysis discussed above. For each chord-wise strip, discarding
these terms and the terms with 0 coe cient, Equation (3.56) can be simplified as:
dFz,am = 0
dFx,am =   xU˙0 +  x!⌦˙0
dMam =  x!U˙0    !⌦˙0.
(3.58)
⌦˙0 is the angular acceleration, which equals !˙y. U˙0 is the normal acceleration of
the chord-wise strip at its leading edge, it can be written down in terms of angular
velocity:
U˙0 = r ¨ cos(✓) = r (!˙z   !x!y) . (3.59)
With Equation (3.57) and (3.59), integrating the moment in Equation (3.58) span-
wise we will get
Mam =  Iyy,am!˙y   Iyz,am (!˙z   !x!y) , (3.60)

















We can combine the rotational term and cross term of the added mass moment
with the same term in Equation (3.17). With the additional moment of inertia, we
can write the equation of motion into:
MOy = (Iyy + Iyy,am) ✓¨   1
2
Iyy ˙
2 sin 2✓ + (Iyz + Iyz,am)  ¨ cos ✓. (3.62)
The added mass lift force can also be integrated from Equation (3.58):























During the wing rotation the elastic hinge can be modeled as a rotational spring
that provides a restoring moment on the wing. A complete model to describe the
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behavior of the hinge is outlined in [28] and will be discussed in Chapter 5. Here we
use Hooke’s Law to describe the linear approximation of the restoring moment using
a spring constant k✓y ,My .
Mh =  k✓y ,My✓. (3.64)
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4. HINGE STIFFNESS TUNING AND SIMULATION
With the knowledge of the external moment applied on the wing about the rotational
axis and the kinematic of the wing stroke, the rotational dynamic ✓(t) can be nu-
merically solved. Since there is no analytic solution to the wing rotation response,
the simulation provides a tool with which the impact of di↵erent parameters of the
system can be studied.
Using the aerodynamic model derived in Chapter 3, a simulation that incorporates
real wing design used in this study is developed. By varying di↵erent parameters and
observing the characteristics of the wing rotational response, we can gain insights
on how certain parameters will a↵ect the system response. This will provide guide-
lines on hinge or even vehicle design. From case studies done with the simulation
tool, a method of tuning the rotation hinge sti↵ness is proposed and validated. The
sensitivity of this method to four di↵erent wing parameters was evaluated.
4.1 System Equation
The moment MOy in Equation (3.62) is the sum of the aerodynamic damping,
rotational damping and hinge restoring moment:
MOy =Maero +Mrd +Mh. (4.1)
The added mass a↵ects the system dynamic by changing the e↵ective moment of
inertia of the wing. The complete equation of motion takes the final form below:
MOy = (Iyy + Iyy,am) ✓¨   1
2
Iyy ˙
















With a prescribed stroke kinematic, we can write down the stroke angle and its
first and second order derivative as:
 =  sin(!st)
 ˙ =  !s cos(!st)
 ¨ =   !2s sin(!st)
(4.3)
where  is the stroke amplitude and !s is the stroke angular frequency.
The equation of motion is a second order di↵erential equation, ✓(t) can be solved
numerically using ODE solver function in Matlab.
The ODE can be written as:
y˙1 = y2
y˙2 = c1 cos
2(!st) sin(2y1) + c2 sin(!st) cos(y1)
+ c3sgn( ˙)CN(↵)dˆcp cos






The normal aerodynamic coe cient is derived in Equation (3.38):
CN(↵) = 3.48 cos(✓). (4.6)










c3 =   1













With the solved wing rotation ✓(t), the aerodynamic forces can be therefore es-
timated using the quasi-steady model using Equation (3.41), (3.42) and (3.44) from
Section 3.3.1.
4.2 Hinge Sti↵ness Tuning
With the established system equation, considering a prescribed wing stroke kine-
matics, the wing rotational dynamics can be decoupled and easily simulated by nu-
merically solving Equation (4.2). This implies that to be able to relate the simulation
results to an actual robotic test platform, it requires the robot to have an accurate
wing stroke kinematic tracking. However even in existing flapping wing platforms
without the use of wing kinematic feedback, sinusoidal wing stroke kinematics have
been observed [11, 33]. Therefore given a prescribed set of wing stroke kinematics,
estimates of a robotic test platform’s cycle-average lift can be obtained so long as
the wing’s rotation response to values of passive rotation hinge sti↵ness are first es-
tablished. Although it is possible to determine an ideal range for the passive hinge
sti↵ness from simulations based on randomly varying a series of wing shape param-
eters for a given set of stroke kinematics, these schemes are far from ideal as they
provide very little insight into the e↵ects that these parameters have on the wing
response. Additionally, the lack of analytical expressions relating the dependency of
these terms on the wing’s performance makes optimization impractical. Therefore
we looked into tuning the wing’s passive hinge sti↵ness k using a more systematic
approach, while evaluating the sensitivity of the wing response to variation in the
wing’s profile parameters.
The prescribed stroke kinematic can be described as:
 =  sin (!st), (4.8)










where k is the spring sti↵ness, m is the mass. Similarly, for the wing-hinge system,









yy is defined as the augmented moment of inertia of the wing about the
rotational axis to include the added air mass inertia, I
0
yy = Iyy + Iyy,am, where Iyy,am
can be obtained from Equation (3.61).
For such a parametrically excited system, it is natural to compare the excita-
tion frequency with the hinge’s natural frequency. We introduce a non-dimensional






By varying this non-dimensional frequency ratio, we are essentially tuning the hinge’s
resonant frequency to the multiples of the excitation frequency. This provides a
systematic way to study the e↵ect of k on the system response. The passive rotation





It is well known that the optimal lift generation occurs at ↵ ⇡ 45 . The approxi-
mation for lift coe cient CL, Equation (3.34), shows that it will reach its maximum
value at 45 . Assuming that a significant portion of each flapping cycle consists of
relatively large translational period, maximum lift will result from the ideal angles of
attack near ↵ = 45  [11]. Additionally, advances and delays in the wing’s rotation
during stroke reversal have been shown to dramatically a↵ect lift production [13] .
With this in mind, a series of simulations were run using a range of wing shape pa-
rameters used in previous studies [33], with ⌦ values varying from near 0 to 3 and
the wing rotation response was evaluated.
Evaluating the general trend and amplitude of the wing rotational kinematics from
simulation, results for values of ⌦ < 0.9 exhibit wing rotation instability, resulting
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in angles well beyond the physical constraints of the joints. When operating near
the primary mode the system’s excitation, ⌦ = 1, the wing response exhibits smooth
symmetric kinematics, but yielded peak amplitudes over 90  and well beyond the op-
timal angles for lift generation. At this operating mode, the passive hinge’s restoring
moment is not large enough to compensate the aerodynamic and inertial moments
that occur at stroke reversal, resulting in over rotation. At operating modes in the
lower super-harmonic frequency range ⌦ ⇡ 2, near ideal amplitudes were observed.
The peak amplitude of wing rotation angle ranged from 50  to 60  between di↵erent
simulation cases created by varying the stroke kinematics and wing shape parameters.
At higher harmonics near ⌦ = 3, wing rotational amplitudes were shown to diminish
as a result of large k producing strong restoring moments. Near this operating mode,
wing rotation angles were shown to decrease rapidly after stroke reversal as momen-
tum from translation becomes less dominant; then the rotation angle is shown to
increase again due to large aerodynamic moment generated near mid stroke. Higher
harmonics in excess of ⌦ > 3 yielded further reductions in amplitudes and kinematic
asymmetry is exhibited. Figure 4.1 showcases three di↵erent wings with the same
shape parameter rˆ2 = 0.5 and ÆR = 4 flapping under di↵erent frequency, the wing
rotation response exhibits similar trends under the same ⌦.
It is well established that a significant portion of the cycle consists of wing trans-
lation at ↵ ⇡ 45  will yield near optimal lift production, therefore the peak value of
✓ is not enough to characterize the wing rotation performance during a stroke cycle.
Instead, the mean lift coe cient, C¯L, averaged over several cycles was used. More
specifically, a high C¯L signifies that the rotation angle is maintained closer to 45  for
a larger portion of the wing cycle. Periods of over rotation and under rotation will
therefore be detrimental to lift generation and yield a smaller mean value. The use of
C¯L to evaluate the wing rotation performance over the entire cycle also permits the
comparison across all flapping frequencies as this dimensional component is scaled
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Figure 4.1. Three wing rotation simulation were shown above. Al-
though the wing size and flapping frequency are di↵erent, the wing
rotation exhibits similar trend. For ⌦ = 1, both wings shows over ro-
tation, and for ⌦ = 2, wing rotation is most desirable, rotation angle
mostly remained around 45 . In the case of ⌦ = 3, the rotation angle
remained small.
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when the mean force is normalized. The expression for the averaged lift coe cient







Simulation shows that the wing rotational response varies very little with fre-
quency if the hinge sti↵ness is calculated using this formula. This is simply because
!2s term appears in all the dominating terms in the system equation. Figure 4.2 shows
an ⌦ scan of a Rw = 30mm wing, it shows that the peak of C¯L occurs at ⌦ = 2.















Figure 4.2. C¯L changes with ⌦ from simulation for a wing of Rw =
30mm, AR = 4 and rˆ2 = 0.5.
Based on these findings from simulation, an expression for the near optimal hinge
sti↵ness,
koptimal ⇡ (2!s)2 I 0yy, (4.14)
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is proposed, which means the sti↵ness that leads to the wing-hinge structure having a
rotational resonance frequency of twice the stroke frequency will be the most optimal
sti↵ness that generates maximum lift.
The variation of wing size and shape will change the exact optimal ⌦ value,
however, ⌦ stays near 2 for a large range of variation on di↵erent shape parameters.
This will be further discussed in Section 4.3.
4.3 Simulation Results
To systematically study how the wing parameter changes will a↵ect the rotational
dynamics and how well the proposed model predicts the optimal wing rotation, sim-
ulations were run and the e↵ects of di↵erent wing parameters were observed and
discussed.
Equation (4.14) has the term I
0
yy, which will change if wing parameters are altered,
subsequently changing k. Since there is no direct correlation between di↵erent wing
parameters and there is no analytic solution to the wing rotation response, the best
way to assess the sensitivity of the sti↵ness prediction to the change in these param-
eters is through simulation. In order to accurately calculate the moment of inertia
of the wing, area density of the materials used are measured and used to calculate
the moment of inertia of each part of the wing, including leading edge, trailing edge,
veins and the membrane. With the wing accurately modeled, four key parameters
were picked to be evaluated. The base line parameter set is picked to match the
parameters used in the flapping wing experiments which are Rw = 30mm, ÆR = 4,
rˆ2 = 0.5 and yˆr = 0.2. Same as the experimental result, mean lift coe cient C¯L
is used to evaluate the performance. In addition, to evaluate the e ciency of the






By varying these wing parameters while scanning ⌦, the trend of C¯L will show how
the optimal ⌦ changes with di↵erent parameters and therefore assess the sensitivity
of Equation (4.14) to the change in wing parameter.
Simulation results are shown in Figures 4.3, 4.4, 4.5 and 4.6. The C¯L distribution
shows that the optimal lift generation mostly occurs around ⌦ = 2, with variation
within the range of 1.6 < ⌦ < 2.3. This suggests that the optimal wing rotation sti↵-
ness can be predicted using Equation (4.14) within a wide range of wing parameters.
However the P¯L distribution shows that ⌦ = 1.5 is more favorable e ciency wise,
which may have more biological implications.
The simulation results also show that there are more favorable ranges with in the
change of one parameter, suggesting that some wing shape will lead to higher lift
generation or higher e ciency. For example C¯L is higher for larger ÆR, as the wing
becomes narrower, C¯L reduces. However the optimal mean lift coe cient stays within
the range of 1.6 to 1.3 among all the variations. As this study is mainly focued on
the sti↵ness design of a specific given wing, the optimization of wing shape or the

























































































































































Figure 4.6. C¯L and P¯L distribution with change in normalized wing o↵set yˆr.
52
5. WING HINGE DESIGN AND FABRICATION
In the system model, the wing rotation joint is modeled as a torsion spring with a
spring constant k. In order to achieve such compliant joint, a flexible material is
used and forms a flexure hinge. The rotational spring constant is determined by the
material and the geometry of the flexure hinge.
Conventional rotary joints usually consist of a shaft, forms of bearing and various
housings and fixtures. The flexure hinge provides the relative rotation between the
two rigid parts on the two sides of the hinge through the bending of the compliant
beam. Using the flexure hinge, the center of rotation is no longer fixed, it changes
with the loading condition, however, it provides many benefits over the conventional
rotary joint. One big problem with the usage of conventional joint is the friction,
due the small scale, and light weight requirement, ball bearing is simply impractical.
Sleeve bearing will require constant lubrication and when further reduce the size,
the friction torque will become more dominant and possibly on the same order of
magnitude as the aerodynamic loading, which changes the performance significantly.
A flexure hinge has no friction and does not require lubrication, it has no hysteresis
and is easy to fabricate.
In order to understand the mechanical property and performance of such flexure
hinge, the sti↵ness equation is derived using Castigliano’s theorem. In this study, the
hinge is made to be short and wide so the majority of its movement is constricted
within a single plane. However the model can be applied for three dimensional appli-
cation as well. By fabricating a multiple-axis flexure hinge, tuning the hinge sti↵ness
on all three rotational degrees of freedom, the wing can achieve more complex trajec-
tory [32].
Using composite material, several aspects on the current joint design approach is
discussed, and a complete wing hinge structure is proposed. Based on this design, a
53
fabrication process is established. Taking advantage of the laser machining, precise
wing-hinge structure can be made, guarantees the precision of the dimensions and
more importantly the sti↵ness of the hinge.
5.1 Beam Analysis
The joint is a flexure hinge, modeled as a compliant cantilever beam. The free end
has six degree of freedoms: three translations  x,  y,  z and three rotations ✓x, ✓y, ✓z.
Six loadings are applied on its free end: three forces Fx, Fy, Fz and three moments
Mx, My, Mz,. The complete derivation is presented, but only one degree of freedom
which is wing rotation ✓y is used in this study. The model however can be used in
future study when the joint is considered to have two or three degrees of freedoms.
5.1.1 Beam Model
The beam has the following coordinate system based on the coordinate system
















Figure 5.1. Six DOFs beam with loadings on the free end.
54
The major assumption we made here are that the beam is Euler-Bernoulli beam,
that the cross section remain plane and normal to the neutral axis; also the beam
is homogeneous and the material is isotropic and the deformations are all elastic
therefore Hooke’s Law applies. Based on the superposition principle, the deformation
from a combined load will be equal to the sum of the deformations from each single
load. This could be written into a vector form:
{ } = [C] {P} , (5.1)
where   is the deformation vector, P is the loading vector and [C] is the flexibility
matrix. Equation (5.1) can also be expressed as the loading required for certain
displacement:
{P} = [K] { } , (5.2)
where [K] is the sti↵ness matrix, which is the inverse of [C].
From Castigliano’s second theorem we know that the displacement  i correspond-



























F (x), T (x), M(x) and V (x) are the axial force, torsion, bending moment and shear
force on the beam as a function of loading Pi. E is the Young’s modulus, G is the
shear modulus, A is the cross section area, J is the torsion constant of the cross
section area, I is the area moment about the bending axis.
By writing down the strain energy Us of the structure, we can take partial deriva-
tive of each external load and get the compliance constant Cij, the subscript denotes
the deformation at  i due to loading Pj.
For a single axis hinge shown in Figure 5.1, the beam is thin, short and wide
(t⌧ l), and therefore is considered to be a long beam and satisfies the Euler-Bernoulli
beam assumption. Usually the length-to-thickness ratio that divids long beam and
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short beam (Timoshenko beam) is 3 to 5 [10, 51]. The movement of the hinge’s
rotation is mainly in the x-z plane. It is subject to six loadings: bending moments
Mx and My, shear forces Fx and Fy, torsional moment Mz and axial force Fz. The
in-plane loadings are Fz, Fx and My, the out-of-plane loadings are Fy, Mx and Mz.
The length of the hinge is l, thickness is t and width is w. Since the joint only moves
in the x-z plane, the e↵ect of the out-of-plane loading is minimual. The displacement
vector and the loading vector are:
{ } = { z,  x, ✓y,  y✓x✓z}T , (5.5)
{P} = {Fz, Fx,My, Fy,Mx,Mz}T . (5.6)
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where [Cip] and [Cio] are the in-plane and out-of-plane compliance matrix.
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For wing rotation, we need the restoring moment My. Plugging Equations (5.5),









Assuming the angle of bending is small (sin ✓ ⇡ ✓y), the deflection  y can be










The restoring moment is the internal moment which has the opposite sign.






The sti↵ness is derived for small deflection under a linearizing assumption, when
applied to larger deflection it will produce error. However this still gives us a good
estimate of the mechanical property of the beam and can be used as a design tool.
5.1.3 Twist and Deviation Analysis
Usually when designing a single axis compliant joint, the torsional moment is rare
and is usually neglected. Since the joint locates at the root of the wing, the o↵set
of the aerodynamic loading creates an innegligible twist of the joint and a↵ects the





The Mz is the aerodynamic torque generated on the wing root, it is similar to
Equation (3.44), however the MZ in this equation is the moment about the Z-axis,
which is the wing shoulder and has an o↵set of yr. The moment exerted on the wing
root is the integration of:




2(r   yr)c(r)dr. (5.15)
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The integral is evaluated from yr to R. Since c(r) is zero from 0 to yr, The













where yˆr is the non-dimensional wing o↵set.
This o↵ers an estimate of the additional stroke angle.
5.2 Wing-Hinge Structure Design
The joint is made to be short, thin and wide, in order to achieve joint flexure
sti↵ness in all other degrees of freedoms except in the bending direction to allow the
joint to move in only the desired degree of freedom. Since the material only has
limited thickness selection, this imposes some tradeo↵ on the joint geometry design.
There are many combinations of di↵erent shape parameters that can achieve the same
sti↵ness, the process to come up with a suitable geometry to achieve the desirable
sti↵ness would require some level of trial and error.
5.2.1 Joint Design
Equation (5.13) describes how the geometry of the beam changes the sti↵ness
value, the sti↵ness will change with three variables, which are width w, length l and
thickness t. The thickness t can only have limited choices based on the available
material and the width w can only vary within certain range based on the size and
design of the wing, therefore t and w were kept as the varying parameters since they
are easier to choose from and the changing l is of smaller scale compared to the size
of the wing. With the required sti↵ness value of the hinge, the length of the hinge






By varying the t and w, we can find di↵erent l that achieve the desired k. However
we need to assess if the geometry found is suitable based on several factors, outlined
as following.
Maximum allowable rotational angle
Considering a cantilever beam with a bending momentM applied on one end, the





where I is the second moment of area about the bending axis. The maximum normal






Equating this normal stress with the yield strength of the material, we can write





We can use this expression to estimate the maximum allowable bending angle of the
hinge before the material yields.
Flexure material strain










Since the material used is not perfectly linear, this also imposes an upper bound on
the rotational angle. Sti↵ness measurements on a series of joints with di↵erent length
suggest that a shorter joint will su↵er from greater strain under the same bending
angle and therefore leads to failure. This is also confirmed by a recent study by
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Malka et al. Experiments and FEA study suggest that a longer hinge will significantly
prolong the life span of a hinge [30]. This is because for the same bending angle, a
longer joint will experience less strain compare to a short joint therefore less stress,
thus prolonging the life span of the hinge. A short joint will also su↵er from low
allowable rotation angle which results in premature failure. In order to keep strain of
the beam within the linear range of the material, a characteristic of the joint length-
to-thickness ratio l/t is introduced. By setting an upper bound on the material strain,







Since l/t also appears in ✓max, a lower bound on l/t is required to minimize the strain
and maximize the allowable rotation angle.
Width-to-length ratio
The thickness dictates the width-to-length ratio w/l, which is a key characteristic







This also suggests that the length is proportional to the third power of thickness,
which means length of the joint will change drastically by the change of thickness.
Since the thickness of the material only has few choices, this makes the selection of
the thickness very crucial. When t is fixed, by adjusting the other variable w, the
length is changed accordingly. For the same sti↵ness, a thinner hinge will result in a
larger w/l, and the width of the hinge will need to be increased in order to increase l
to achieve required ✓max; a thicker hinge will have a much larger ✓max but su↵er from
a w/l which will increase the twist of the hinge. From the flapping wing experiment
and sti↵ness measurement, generally a w/l > 5 is preferred.
Carbon fiber thickness
To ensure the carbon fiber sheet will not touch during wing rotation, we need to
ensure the hinge is long enough. With the calculated l, we can specify a limitation
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on the rotation angle ✓max, and use that to find the maximum allowable thickness of





Comparing tcmax with the actual carbon fiber thickness tc we used to design the wing,
if tcmax < tc, this means the hinge is not long enough and the carbon fiber sheet will
touch before the hinge reaches the specified rotation angle. The desired rotation angle
is ✓ ⇡ 45 , but the limitation on the rotation angle is set to be 80  to consider over
rotation.
To summarize, when designing the hinge, with fixed sti↵ness and material, thick-
ness needs to be selected first. The tradeo↵ on selecting the thickness is a thicker
joint will have high ✓max but be prone to twist due to low w/l and vise versa. With
thickness selection, the second variable hinge width w can be adjusted according to
the size of the wing, the length l will change accordingly to maintain the same k. The
increase of w will increase l/t therefore increases ✓max and decreases ". With the t and
w selected, tcmax needs to be checked to not exceed the carbon fiber used. To min-
imize the twist, w/l > 5 is preferred and to ensure the material deformation within
the hinge is less than 2.5% within a ±60  rotation angle, a l/t > 20 is preferred.
Table 5.1. Sample joint design parameters.
k(µNm/rad) w(mm) t(µm) l(µm) l/t w/l ✓max(deg) tcmax(µm)
3.26 4 12.7 523.7 41.2 7.64 130.41 666.8
16.5 8 12.7 206.8 16.3 38.6 51.5 263.3
16.5 5 25.4 1034.0 40.7 4.8 128.8 1316.6
32.4 5 25.4 527.6 20.8 9.48 65.7 671.7
53.5 7 25.4 446.8 17.6 15.7 55.6 514.3
93.6 12 25.4 437.8 17.2 27.4 54.5 557.5
The methodology behind joint design is far from ideal at this point, in this study,
we mainly focus on the designs of the sti↵ness rather than the geometry and material.
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Several hinge designs we used in this study are tabulated in Table 5.1. A maximum
rotation angle of 80  is used to calculate tcmax. The carbon fiber we used has a
thickness of tc = 127µm, which is smaller than all the maximum allowable thickness.
The tradeo↵ between a larger ✓max and a larger width-to-length ratio can be seen, a
larger width-to-length ratio always associated with a smaller ✓max. For the case of
k = 16.5(µNm/rad), an increase in thickness dramatically changes the shape of the
hinge from a short wide beam (w/l = 38.68 and ✓max = 51.5) to a long and narrow
beam (w/l = 4.84 and ✓max = 128.8). Not all the design criteria described above are
met, due to the geometry constraint of the wing design.
5.2.2 Wing Design
Test wings were constructed from a carbon fiber frame and polyimide membrane
using the PC-MEMS process [39]. From Section 3.2, wing profiles were determined
from a statistical beta distribution function using values of rˆ2, ÆR, and Rw. To match
the previous wing design, all the wings used in this study have the same shape, with
rˆ2 = 0.5 and ÆR = 4.
Previously such small structures were fabricated in a monolithic fashion, where
the structure is machined monolithically from a single sheet of material and layered
in parallel [39].
Since the frame of the wing is mainly composed of thin strips, unidirectional
carbon fiber laminate is used to construct the wing frame to achieve minimum weight.
Two veins are stemmed from the root of the wing to achieve a high overall rigidity of
the wing structure. Both leading and trailing edges were kept straight accommodating
the use of unidirectional carbon fiber laminate and simplify the design and fabrication
of the wing. The wing root has an enlarged area of carbon fiber for the attachment
of the trailing edge, veins and the joint flexure. The other side of the hinge is the
driving spar. For this study, the spar is 2mm wide for all the wings, the length of the
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spar is varied between di↵erent wings to achieve a same yr = 6mm when attached to
the actuator. The completed wing design is shown in Figure 5.2.
Figure 5.2. The rendering of the wing design. The orange contour
shows the wing shape before the design simplification.
For a 30mm wing, which is shown in Figure 5.2, the widths of the leading and
trailing edges are 0.5mm, the widths of the veins are 0.3mm and the net weight of
the wing (excluding the driving spar) is 22mg; for a 15mm wing, the width of the
leading and trailing edges are 0.3mm, the widths of the veins are 0.2mm and the
wing net weight is 7mg; for 47.5mm wing they are 0.7mm and 0.5mm respectively
and the wing weights 45mg. The peel strength of the adhesive used is stated to be
1.6N/mm according to the manufacturer. Per the testing condition, it requires 1.6N
force to peel a 1mm wide strip of Kapton film o↵ a copper sheet. For our test case,
the normal force on the wing is of several magnitude smaller than the peel-o↵ load
and since the aerodynamic load is distributed over the entire area of the wing, the
failure mode will not be peeling. During the testing, no peeling of the membrane has
occurred.
5.3 Fabrication
The fabrication capability is always the bottleneck when trying to make certain
structure smaller. Many devices will achieve better performance if the size is reduced.
Previously, handcraft is the most common form of fabrication for small flapping de-
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vices. The margin of error on the handcrafted wing is high and it a↵ects the system dy-
namics, consequently the performance su↵ers. As mentioned in Chapter 1, in order to
reduce the size and achieve higher e ciency, a new way of fabricating wings is needed.
Inspired by the printed circuit board (PCB) fabrication and MEMS technique, Whit-
ney et al. proposed a new way of fabricating small structures [43]. By laminating
di↵erent materials to create complex two dimensional shapes, through folding com-
pliant joints, intricate three dimensional microstructures can be constructed. This
technique termed PC-MEMS is most suitable for creating structures and devices at
a so called mesoscale, which lies between sub-millimeter scale and centimeter scale.
Using such technique, a wing fabricating process is developed. Compared to the pre-
viously hand made wing, the new wings machined with high frequency pulse laser can
achieve high accuracy, high repeatability, and benefit from the simple design, much
smaller scale where hand crafting is simply impossible.
The wing-hinge structure is assembled together from multiple pieces. Ensuring
the accuracy of the assembling process, especially the dimension of the rotational
























Figure 5.3. The exploded view of the wing assembly. The wing is
composed of 15 parts and laminated together.
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extremely important. Laser machining is an ideal tool for fabricating small and thin
materials, with a high precision stage, high accuracy can be achieved. For this study,
a Titanium-Sapphire laser with a focused beam spot of 10µm in diameter is used.
The laser is capable of outputting a 800nm central wavelength, 22fs pulse width at
10kHz laser beam with a maximum power of 10W The air bearing linear stage used
with the laser has spacial resolution of 0.5nm and accuracy on of ±0.2µm. To ensure
the assembly accuracy, we use laser to machine alignment holes and use high precision
dowel pins (↵ = 1/16in) to align di↵erent materials together.
To achieve the designed wing structure, several layers of di↵erent materials were
used. Since the fiber direction on the wing frame is di↵erent, separate pieces needs
to be fabricated and then lay together on the same layer. Additional layer of carbon
fiber is used to ensure the bonding of the structure. All the carbon fiber pieces
were machined from 127µm thick unidirectional carbon fiber laminate. The wing
membrane uses Kapton 30HN from Dupont, which is a 7.62µm thick polyimide film,
and the joints use the same material but di↵erent thicknesses to achieve di↵erent
sti↵nesses. Acrylic based adhesive FR1500 of thickness t = 13µm was used to bond
the frame and the membrane and the hinge together. The exploded view of the wing
is shown in Figure 5.3.
A total of 7 layers and 11 pieces of di↵erent material were used to construct the
wing-hinge structure as shown in Figure 5.4.
Layer 1 is the bottom layer of the leading edge and the wing driving spar, since
the two pieces are machined from the same carbon fiber laminate and will not
be separate before curing, the dimension of the hinge is only determined by
the gap between the two pieces from the machining. The leading edge has an
enlarged area at wing root to allow the attachment of the trailing edge, veins
and the hinge flexure.
Layer 2 is the adhesive sheet used to bond the leading edge and the driving spar
with the joint and attach the membrane with the leading edge.
65
Layer 3 is composed of two pieces of Kapton, the wing membrane and the joint.
Layer 4 is the adhesive sheet used to bond the membrane and the joint with
the veins and the top carbon fiber layer of the driving spar.
Layer 5 is the top layer of the driving spar and the leading edge, also the veins
and the trailing edge. Each component on this layer has di↵erent fiber direction
so the four pieces are machined separately and fit together.
Layer 6 is adhesive layer to help bond di↵erent pieces on Layer 5 together at
the wing root.
Layer 7 is the additional layer of reenforcement carbon fiber that helps to hold
the vein and leading trailing edge together.
To laser machine di↵erent materials, di↵erent power of the laser and di↵erent feed
rate of the CNC stage are required. Since the dimension of the hinge is crucial on
achieving the designed sti↵ness, a lower feed rate is used to achieve a smoother edge.
For the adhesive sheet, since the material is extremely thin and conducts heat well,
the burn on the cutting path must be considered. When generating the CNC code for
cutting the geometry, an appropriate cutter diameter can be selected to compensate
the burn and leave enough material intact for bonding the carbon fiber and Kapton
film. After numerous testing and microscopic measurements, the cutting specification
for all the materials are listed in Table 5.2, where t is the thickness of the material,
Pl is the output power of the laser, fr is the feedrate and Dc is the cutter diameter
to compensate the laser beam diameter and the burn of the material.
In order to align and laminate these parts together, a total of 8 dowel pins were
used for alignment. Di↵erent sets of custom alignment plates were CNC machined
from 6061 aluminum alloy plates and polished to be used for alignment and lami-
nation. On each part, the alignment holes were located on the supporting portion
of each piece, which connects to the actual part via small tabs. Since the adhesive
sheet is only 13µm thick, it provides no filling between gaps, therefore a properly
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Layer 1 Layer 2
Layer 3 Layer 3
Layer 4 Layer 5
Layer 5 Layer 5
Layer 6 Layer 7
Figure 5.4. Wing stacking process. The pattern shows the fiber di-
rection. Each piece has at least two pin holes to secure its orientation.
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Table 5.2. Material cutting specifications.
Material t(µm) Pl(watt) fr(mm/s) Dc(µm)
Carbon Fiber 127 0.55 0.5 20
Carbon Fiber (hinge) 127 0.3 0.1 22
Kapton 100HN 25.4 0.1 0.5 15
Kapton 50HN 12.7 0.07 0.5 15
Kapton 30HN 7.62 0.05 1 10
FR 1500 13 0.05 0.5 25
treated bonding surface is very important. After laser machining, the carbon fiber
is sanded using 2000 grit sandpaper and ultrasonic cleaned to improve the bonding.
All the layers were then stacked together on the aluminum plate and aligned by the
dowel pins. A top aluminum plate is later used to firmly press these layers together
and they were then vacuum bagged and heated in an temperature controlled oven.
The bonding process undergoes a temperature profile up to 200C  for two hours to
complete the lamination. The cured wing is released from the supporting material by
breaking all the connecting tabs using razors.
Since the entire process is highly controlled, the repeatability of the machining is
found to be 5µm or better, as verified by microscopic measurements. Figure 5.5 shows
the manufacturing process of a 30mm wing. The smallest wing we made for testing
is of Rw = 15mm, shown in Figure 5.6. With this manufacturing technique, we will




Figure 5.5. The fabrication process of a 30mm wing is shown above.
A shows the assembly process, di↵erent materials are stacked and
aligned together using high precision dowel pins. Unidirectional car-
bon fiber is used, note the weave patterns showed on the carbon fiber
are only imprints. B shows a wing after it finishes curing, all the ma-
terials are laminated together. C shows the wing being released from
the sandwich structure after breaking o↵ all the connection taps from
the supporting structure.
Figure 5.6. A sample R = 15mm wing next to a US penny.
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6. EXPERIMENTAL SETUP AND RESULTS
The tuning of hinge sti↵ness to achieve optimal wing rotation is presented in Section
4.2. Simulation shows the optimal hinge sti↵ness can be estimated using Equation
(4.14). In order to validate this estimation, flapping experiments using wings with
tuned hinge sti↵ness are required. During the design process of the wing-hinge struc-
ture, Equation (5.13) is used to calculate the linear approximation of the sti↵ness,
however, whether the fabricated structure can achieve the designed sti↵ness is un-
known. Therefore, before any flapping experiment, sti↵ness of the joint fabricated
using the manufacturing technique developed in Section 5.3 needs to be measured to
ensure the fabrication and the material used can produce the desired sti↵ness.
With the ability to achieve the desired sti↵ness, a total of five di↵erent wings
were made and joint sti↵nesses were tuned to be optimal under each wing’s flapping
condition. Wing profile shape was kept constant, having a rˆ2 value of 0.5 and single
wing aspect ratio ÆR of 4, while the wing length and target wing stroke frequency,
!s, were varied. To test the performance of these wings, a flapping actuation device
is built using DC motor. The reason behind choosing DC motor as the driving
mechanism is because with an encoder feedback, a desired wing trajectory can be
tracked. This will help eliminate the coupling between the wing stroke and wing
rotation.
6.1 Sti↵ness measurement
There are many ways to test the bending sti↵ness of a beam, most commonly a
three point bending test. For a sub-millimeter beam made with compliant material,
it is nearly impossible to create fixtures at its scale and capture the small reaction
force. Since the tuning of the sti↵ness is to accomplish a certain natural frequency
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of the beam, alternatively the sti↵ness can be obtained by attaching a mass on one
end of the beam, displace the mass in vacuum chamber and measure its resonance
frequency and back calculate the beam’s natural frequency. However this method
fails to capture the property of the material, namely the strain-stress relationship.
Therefore, the method used to measure the sti↵ness of the beam is displacing the
beam while mechanically amplifying and measuring the reaction force of the beam,
then calculate its sti↵ness value.
6.1.1 Test Setup
The sti↵ness of the hinges in this study is on the order of 10µNm/rad, the available
sensor has a resolution of 15.625µNm/rad. With small deflection ✓ < 1rad, the
restoring moment will be smaller than the sensor resolution. In order to measure
such small restoring moment, a mechanical amplification is needed. By employing a
long beam and o↵setting the hinge from the center of the sensor, the amplified moment
can be measured and used to calculate the hinge rotational sti↵ness. Series of testing
hinges of comparable size and sti↵ness value covering the span of the sti↵nesses used
on test wings were made. These specimens were mounted on a beam attached to the
sensor, a micrometer stage is used to displace the hinge. Knowing the location of the
tip that touches the hinge, the traverse distance of the micrometer to achieve certain
bending angle can be easily calculated. The setup is shown in Figure6.1
6.1.2 Sti↵ness Calculation
The free body diagram of the measurement setup can be represent in Figure 6.2.
R at point A is the reaction force from the tip of the tool to displace the hinge,
the R and Mz at D is the reaction force and moment measured by the force sensor.






Figure 6.1. The sti↵ness test setup. The hinge is clamped on the
free end of the cantilever beam mounted on the force sensor. An



















Figure 6.2. The schematic and free body diagram of the sti↵ness test.
as (lc + l + lm) cos (✓). Summing the moment on the FBD of the entire structure, we
have:
(lc + l + lm) cos (✓)R =Mz, (6.1)
R can be written out as:
R =
Mz
(lc + l + lm) cos (✓)
. (6.2)
Sum the moment on the extension beam CD we can write down the reaction moment
MC :
MC =Mz  Rlmcos (✓) . (6.3)
The sti↵ness of the beam is derived by Equation (5.13) in Chapter 5. Useing I to







The joint is bent by the shear force R and the bending moment MC , by the superpo-























(lc + l + lm)
  l
2cos (✓) (lc + l + lm)
 
(6.7)
By measuring the moment on the sensor when the hinge is displaced to certain angle,
the corresponding sti↵ness can be calculated using above equation.
The nonlinearity of the hinge will change from hinge to hinge since the joint on
each hinge has di↵erent geometry, same bending angle will introduce di↵erent strain
on the joint and result in di↵erent level of nonlinearity on force-deformation curve.









By converting the beam rotation angle and the bending moment into stresses
and strains, the material property can be clearly observed. The nonlinearity is not
modeled in this study, its e↵ect will be discussed in Section 6.3.
6.2 Wing Kinematic Validation
To verify that hinge sti↵ness values determined as koptimal by Equation (4.14) are
optimal for a given a set of wing parameters and stroke kinematics, two possible ap-
proaches were considered. Following a similar procedure used to conduct simulations
in Chapter 4, a prescribed set of wing stroke kinematics could be used to para-
metrically excite wings of varied sti↵nesses, extracting the resulting wing rotational
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kinematics and measuring the averaged lift coe cient to verify koptimal. However this
approach would require the fabrication of multiple sets of wings with varied hinge
sti↵ness, yielding no means in which to assess how koptimal is a↵ected by variations
in the wing’s parameters and wing stroke frequency. Alternatively, wings of varied
profile parameters with hinge sti↵ness values determined by koptimal can be tested
under di↵erent flapping frequencies. For this approach, a successful tuning of the
hinge sti↵ness would result in a wing rotational trajectory yielding the highest C¯L
at its target flapping frequency. To examine if the wing can achieve near optimal
wing rotation kinematics and lift at the designed frequency, the later approach was
adopted for testing as it provides a better means of validation.
Three of the five test wings were designed to have the same length but di↵er-
ent target flapping frequency, to assess the wings’ ability to repeatably achieve near
optimal lift generation using Equation (4.14) under di↵erent target frequencies. To
study how the changes in wing length will a↵ect the result of this principle, both a
smaller and a larger wing were also made and tested. Each wing was tested under
9 or more di↵erent flapping frequencies around its targeted flapping frequency, for a
total of 49 experiments. Since the stroke and rotational dynamics are coupled, having
a largely fixed stroke kinematic and constant wing profile parameters, the e↵ect of k
on the system response can be discerned. In this study, all the flapping experiments
have the same stroke kinematic that the wing stroke follows a sinusoidal path with
an amplitude of 60 .
6.2.1 Test Setup
To conduct the flapping experiments, a brushed DC motor is used to drive the wing
and provide desired oscillatory flapping motion. The DC motor assembly incluedes a
gearhead of 4:1 reduction ratio and an optic encoder with 256 count per revolution,
which results in a 0.35  resolution. A tuned PID controller is implemented on a
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microcontroller, generating the control signals to the motor driver in order to track
the desired wing trajectory. An H-bridge is employed to drive the motor.
Wing kinematics were extracted using a single high speed camera positioned with
the optical axis perpendicular to the stroke plane [11, 33]. From high speed footage
the wing was shown to remain relatively rigid during testing with only minimum twist
and camber. Passive wing hinges were designed to be wide and short enough that
out of plane deviation was negligible and therefore ignored. Using the length of the
projected wing chord at a constant specific radial location along the wing, the wing’s
rotation angle was determined.
6.2.2 Motor Selection
The motor needs to overcome the aerodynamic and inertia loading from the wing
and achieve the desired frequency, this requires the motor to have high torque and
high rpm at the same time. Usually DC motor operates at high speed with low
loading or low speed with high loading, therefore selecting a motor to achieve the
testing requirement is important. The aerodynamic moment acting on the wing can
be calculated using Equation (3.44). The moment to overcome the inertia of the wing
can be written down as:
Mi = Izz ¨. (6.9)
The total moment being exerted onto the wing from the motor is simply:
Mext =Mz +Mi. (6.10)
The largest wing used in this study has Rw = 47.5mm, the highest flapping
frequency is 45Hz. For this wing, the maximum torque required to overcome inertia
and aerodynamic moments is estimated to be 4.7mNm. The highest angular velocity
of a 45Hz wing stroke with peak-to-peak amplitude of 120  is 2827rpm. The highest
angular velocity occurs at mid stroke, the wing is only overcoming the aerodynamic
moment which is about 1.9mNm. With a common 4:1 reduction gearhead, the motor
76
needs to be able to run at 11310rpm and provide torque of 0.475mNm. With these
requirements, a motor from Maxon Motor is selected for which our selected operating
point falls into its designed operating range. In previous designs, torsion springs
were used to help the motor resonate [52], however in this study, we require accurate
tracking and high frequency, therefore a bigger motor is selected and torsion springs
were not used.
6.2.3 Motor Control
Before designing the controller for the motor, we need to model the motor. From
Kirchho↵’s voltage law we know that:
V = Rmi+ Lm
di
dt
+ Vemf , (6.11)
and from Newton’s 2nd law we have:
T = Jm ¨ + b ˙. (6.12)
where Rm is the resistance, Lm is the inductance, Vemf is the back EMF voltage , Jm
is the moment of inertia and b is the damping constant. The mechanical damping





The torque T from the motor is proportional to the armature current:
T = Kmi, (6.14)
and the back EMF voltage Vemf is proportional to the armature angular velocity:
Vemf = Km ˙, (6.15)
where Km is the motor’s torque constant.
Taking Laplace transform of Equations (6.11) and (6.12):
V (s) = RmI(s) + LmsI(s) +Kms (s)
KmI(s) = Jms
2 (s) + bs (s).
(6.16)
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Table 6.1. Motor characteristics.
Jm(gcm2) b(mNms) Km(mNm/A) Rm(⌦) Lm(mH)
0.651 0.005 3.54 2.93 0.0499
By eliminating I(s) and rearranging the equation, the transfer function from voltage





(Rm + Lms)(Jms2 + bs) +K2ms
. (6.17)
The characteristics of the motor were found in the datasheet provided by the
manufacturer, as listed in Table 6.1. The moment of inertia of the wing is negligible
compared to the motor and gearhead, the damping constant is the average of the
aerodynamic damping calculated from Equation (6.13) where Mz is calculated form
Equation (3.44) on a 47.5mm wing. Since di↵erent wings have di↵erent mass and
aerodynamic properties, the system treats these variation as disturbances and they
can be overcome by the controller.
The controller is designed using the PID tuner tool in Simulink. The wing stroke
frequency is as high as 45Hz, therefore the bandwidth of the system is chosen to be
300Hz (1885rad/s) and a phase margin of 60  to achieve fast response and robust
tracking. An mBed microcontroller is used to read the encoder as feedback and ex-
ecute the control algorithm. External interrupts were used to read the quadrature
signal and timer interrupt is used to generate the control signal. Based on the limi-
tation of the microcontroller, the control algorithm is running at a sampling rate of
1000Hz to permit tracking and does not skip encoder reading. A typical tracking
result is shown in Figure 6.3. From multiple measurements, ignoring the phase shift,
the tracking error is around 4% and with peak error around 5 .
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Figure 6.3. Wing stroke measured from high speed camera. The
tracking shows a slightly larger phase lag and overshoot than simula-
tion. The overall tracking performance is good.
6.2.4 Wing Trajectory Extraction
Since flapping frequencies for the experiments conducted ranged from 15Hz to
50Hz, high speed images were recorded at 5000fps to achieve at least 100 frames per
stroke cycle. Images were taken at a resolution of 1280 ⇥ 1000 at 12-bit grayscale.
Assuming the leading edge stays in the stroke plane, the length of the projection of
a specific chord on the wing will be a function of wing rotation angle. By knowing
the chord length and the projection length, we will be able to calculate the rotation
angle ✓. To obtain the wing stroke and wing rotation angle, four points on the wing
were extracted: the tip of leading edge, two marked points on the wing chord, and
the center of wing stroke, shown in Figure 6.4. A software developed by Hedrick et
al. [22] was used to digitize and extract these points. From the four points the pixel
length of the leading edge Rpix and the pixel length of the chord projection cpjpix can
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Figure 6.4. A sample video frame showing the wing from top down
camera view. The red cross indicate the points being tracked, the blue
line is the leading edge, the green line is the chord used to calculate
the rotation angle.
be obtained. With the knowledge of the chord length c being tracked and the length
of the leading edge R, we can calculate the pixel length of the chord cpix. The rotation





The resulting wing trajectories were then filtered using a 4th order low pass butter-
worth filter with a cut o↵ frequency at 300Hz to reduce digitizing error.
6.3 Results
The characteristic parameters of the five di↵erent test wings used in the flapping
experiements are tabulated in Table 6.2. The parameters of six test joints for studying
the hinge sti↵ness are tabulated in Table 6.3.
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Table 6.2. Test wing parameters.
Name R(mm) Target f(Hz) Iyy(g ·mm2) k(µNm/rad) Testing f(Hz)
Wing 1 30 25 0.167 16.5 15 - 35
Wing 2 30 35 0.167 32.4 25 - 45
Wing 3 30 45 0.167 53.5 25 - 50
Wing 4 15 40 0.013 3.26 5 - 50
Wing 5 47.5 25 0.948 93.6 15 - 35
Table 6.3. Test joint parameters.
Name t(µm) l(µm) w(mm) l/t w/l k(µNm/rad)
Joint 1 25.4 950.6 5 37.4 5.3 18.0
Joint 2 25.4 608.4 5 24.0 8.2 28.1
Joint 3 25.4 422.5 5 16.6 11.8 40.4
Joint 4 25.4 310.4 5 12.2 16.1 55.0
Joint 5 25.4 237.7 5 9.4 21.0 71.8
Joint 6 25.4 187.8 5 7.4 26.6 90.9
In Table 6.2, passive hinge sti↵ness values for the test wings were determined
using Equation (4.14) for a targeted stroke frequency, which tuned the wing-hinge
structure’s resonant frequency as twice the stroke frequency. Wing mass properties
were obtained from CAD models using the actual density of the materials measured
from samples. The calculated mass of the fabricated wings from models had an error
of less than 2% from their experimentally measured values.
The six sample test joints in Table 6.3 show a series of test joints with all the
same dimensions but di↵erent lengths to achieve the sti↵ness values similar to the
ones used on the test wings.
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6.3.1 Joint Sti↵ness Measurement

































Figure 6.5. The sti↵nesses of four sample joints were measured. The
angle-moment plot shows the slope k agrees with the calculation from
the geometry. Note that the calculated k from Equation (5.13) is
a linear approximation, the actual k will decrease as bending angle
increases. The nonlinearity is not discussed in the study.
Figure 6.5 shows the sti↵ness measurements on the six test hinges plotted over
their ideal linear approximation. Measurements showed good agreement with the
sti↵ness calculated from the geometry, however at larger angle the sti↵ness decreases
as of the nonlinearity of the material. Also as the joint sti↵ness increases, the non-
linearity is more obvious. This is due to the nature that these joints use the same
thickness, as the sti↵ness increases, the length of the joint reduces. With the same
bending angle, the short joints will su↵er from higher strain which introduces more
nonlinearity.
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To obtain a better understanding of the property of the material, the measurement
result can be converted into stress and strain using Equation (5.22) and (6.8). The
result is plotted in Figure 6.6.

























Figure 6.6. The sti↵ness measurements on stress-strain plot, black
line is the ideal Young’s modulus of Kapton.
The stress-strain plot shows that the measured stress will depart from the ideal
linear approximation as early as 2% strain. This result suggests that in designing the
geometry of the hinge, a longer joint will result in less strain and a better linearity
within the range of joint rotation. For an " < 2.5%, considering the range of rotation








6.3.2 Quasi-Steady Model Validation
The quasi-steady model is used in Section 4.2 to tune the hinge sti↵ness that can
achieve the optimal wing rotation response. The assumption is that the model is able
to capture the main e↵ect of all the moments applied on the wing. The validity of the
model needs to be further assessed. With the measurement of the wing stroke angle
 (t), we can calculate its numerical derivative  ˙ (t) and  ¨ (t), the rotation angle can
be numerically solved from Equation (4.2). If the prediction of the model is accurate,
the calculation should fit well the measurement.
Figure 6.7 shows three typical wing rotation measurements. Wing 4 is designed
to flap at 40Hz, the model successfully predicts the low rotation angle, all the peaks
and even the negative rotation angle precedes the mid-stroke. Wing 1 is designed
to flap at 25Hz, the model mostly captures the trend of wing rotation, however the
magnitude of the peak rotation angle is smaller than measurement. Wing 5 case
shows the most discrepancy; wing 5 undergoes over rotation, the rotation angle is
as high as 90  and the angle measurement is constantly larger then the calculation.
These discrepancies shown in the wing 1 and wing 5 case are suspected to be due to
the linear approximation of the rotational joint sti↵ness. The measurement result in
Section 6.3.1 suggests that as the rotation angle increases, the sti↵ness of the hinge
will drop. This explains the consistent trend observed among all the measurements
that when the rotation angle is high, the model will underestimate the wing rotation.
In order to achieve a more accurate estimation, the nonlinearity of the material needs
to be modeled and the dimension of the joint needs to be considered.
Another discovery is the coupling between the wing stroke and rotation. A general
trend is discovered when observing all the wing rotation responses. When the flapping
frequency is lower (the hinge sti↵ness is correspondingly lower), the inertia term in the
equation of motion (Iyz + Iyz,am)  ¨ cos ✓ will be more dominant, which means the wing
rotation angle will be more sensitive to the angular acceleration of the wing stroke.
We can observe this in Figure 6.7 where wing 4 and wing 1 have more observable
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Figure 6.7. Three examples of wing stroke and rotation angle mea-
surement. As the rotation angle increases, the model tends to un-
derestimate the wing rotation due to the nonlinearity of the hinge
sti↵ness.
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small secondary peaks on top of the wing rotation. These small peaks correspond to
the peaks observed in  ¨(t). As the frequency increases, this term will become less
dominant, which will result in a smoother wing rotation angle curve, as demonstrated
in the wing 5 case. The aerodynamic moment on the wing also a↵ects the wing stroke,
this can be seen on the stroke angle di↵erence between the measurement from the
wing tip and from the motor. The stroke angle usually has a small overshoot at stroke
reversal because of the twist of the hinge and the bending of the beam. Since they are
relatively small and will not a↵ect the trend of the rotation angle, it is not modeled
in the simulation.
6.3.3 Wing Rotation Frequency Response
The wing rotation angles were digitized from high speed video for all the 49 ex-
periments. The range of flapping frequencies were provided in Table 6.2. To permit
the comparison of rotation angles for the same wing under di↵erent flapping fre-
quencies, the time series rotation angle data were normalized by wing stroke cycle
period. The wing rotation angle within two complete stroke cycles were presented for
all the five wings, shown in Figure 6.9 and 6.8. All the wings have the same shape
of ÆR = 4, rˆ2 = 0.5. Figure 6.9 shows three wings with the same size Rw = 30mm
but three di↵erent target flapping frequencies (25Hz, 35Hz and 45Hz). Figure 6.8
shows a bigger wing Rw = 47.5mm designed to flap at 25Hz and a smaller wing
Rw = 15mm to flap at 40Hz.
The general trend observed among all the tests is that when the wing is flapping
at a frequency that is lower than its target frequency, the wing rotation angle is of a
lower amplitude, as indicated by the red dash-dot lines in Figures 6.9 and 6.8. The
low rotation angle results in a high angle of attack therefore the lift coe cient is
low. As the frequency approaches the designed target frequency, the wing rotation
angles were shown to approach the ideal case of sustained angles of ↵ = 45 , shown
in solid black lines. At higher frequency the wing will over rotate and peaked as
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Figure 6.8. The wing rotation of test wings 4 and 5. The hinge
sti↵nesses were designed to have a wing-hinge resonant frequency at
twice the target flapping frequency. Wing 4 were tested under 11
di↵erent flapping frequencies and wing 5 was tested under 9 di↵erent
frequencies. The wing rotation of two complete cycles of each test case
were presented here. The solid black line is the wing rotation response
under the wing’s designed frequency. Red dash dot curves indicates
the wing is flapping at frequencies lower than the target frequency,
blue dash curves indicate that the wing is flapping at frequencies
higher than the target frequency. The shadowed areas are downstrokes
and the white are upstrokes.
high as 90  and remained at angles higher than 45  until stroke reversal, shown in
blue dash lines. This results in a low angle of attack therefore low lift coe cient.
As expected from simulation, low frequency response exhibited more advanced wing
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Figure 6.9. The wing rotation of test wings 1, 2 and 3. Wings 1 and 2
were tested under 9 di↵erent frequencies, wing 3 was tested under 11
di↵erent frequency with only 2 test cases above its designed frequency
due to the limitation of the motor.
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rotation and as frequency increased a phase shift towards delayed rotation is observed.
The advanced rotation observed in lower o↵ target frequency responses will introduce
additional rotational circulation [13] to aid in the generation of lift, however due to
the sustained high angles of attack, translational lift will be much smaller than those
with angles of attack near 45 .































Figure 6.10. Mean lift coe cient C¯L from the wing rotation mea-
surement is plotted as a function of frequency. Each wing is driven
under di↵erent frequency around its designed frequency. The peak C¯L
mostly occurs at or around the corresponding target frequency. The
solid curves are simulation results for comparison, the peak occurs at
the target frequency.
To further compare the wing’s ability to achieve near optimal rotation kinematics
across a range of excitation frequencies, mean lift coe cients were evaluated using
Equation (4.13) and are shown in Figure 6.10 for all test wings. From these results, in
every test case, the peak lift coe cient is shown to occur near the targeted frequency
with some deviation in the peak exact frequency. The results from test wing 4 (R =
89
15mm) exhibit the most deviation with the lift coe cient remaining high past its
target of 40Hz up to 47.5 Hz. However for all other cases, the peak C¯L occurs within
5  of the target frequency. Measured C¯L values are also shown to be higher than
their simulated values, this result is thought to be due to the nonlinear nature of the
rotational hinge. Comparing the simulated wing response to these extracted from
experiments, extended periods of rotation near ↵ = 45  were observed directly after
stroke reversal and continued near mid-stroke, prolonging life generation.
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7. SUMMARY AND FUTURE WORK
In this study, the design, fabrication and testing of flexure hinge based bio-inspired
insect wings are presented, with a focus on selecting and optimizing the rotational
hinge sti↵ness.
A dynamic model of an insect wing flapping under a given stroke kinematic is
derived to study the wing rotation dynamics based on and improved from the work
of Ellington et al., Dickinson et al. and Whitney et al. [13, 18,44]. A simulation tool
is developed using this model and current robotic platform and wing design. With
simulation tool, the wing rotational hinge sti↵ness’s e↵ect on the rotational angle
response is studied in a systematic approach. A new parameter ⌦ that determines
the wing-hinge natural frequency as a mode of resonance is proposed. Given a specific
set of wing parameters and stroke kinematics, the sti↵ness yielding near optimal wing
rotation can be calculated from Equation 4.14.
Aiming for achieving smaller robotic structures, a new fabrication technique us-
ing laser machining is realized and used on the fabrication of the wing. With this
fabrication process developed, the bottleneck that limits the development of smaller
and highly e cient robot based on the current design [33] is now removed. This pro-
cess also guarantees high accuracy and repeatability of the yielded structure, which
is crucial to the system dynamic. The process is able to produce small structures on
subcentimeter scale with features on millimeter and micrometer scale, and yielding
an overall repeatability of 5µm or better.
Using DC motor, a testing platform is built and flapping experiments were per-
formed using wings fabricated by the developed laser machining process. Experimen-
tal results based on varying the wing stroke frequency and calculating the lift from
the actual kinematics for five test wings exhibited good correlation between the actual
frequency of peak C¯L and their designed frequencies, validating the proposed method
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of hinge sti↵ness tuning. Since this design principle is based on the system’s rota-
tional dynamics, it serves as a design guideline from which an initial sti↵ness value
can be chosen for evaluation. Therefore further tuning will be confined to only a very
narrow range of sti↵nesses and can be more easily investigated by experimentation.
In addition to provided near optimal hinge sti↵ness values, estimates for the required
wing hinge geometry can now be determined analytically, given a set of material
properties, allowing for the introduction of this principle into complete vehicle based
optimization.
In addition to providing a design guideline, the establishment of a rotational
resonant mode in which near optimal lift production is achieved permits the use of
more advanced nonlinear analysis techniques, potentially gaining further insights into
the e↵ects that the system parameters have on the wing’s response. Since methods of
approximating the solution of a nonlinear system using Perturbation theory applying
only near resonant modes, the identification of the optimal modes for lift production
allows for further analysis, which is an on-going work of this project. Additionally,
since the mean lift coe cients were calculated from the extracted wing trajectory,
future work will consist of the evaluation of the optimal sti↵ness sensitivity to a large
range of system parameters using force and moment data obtained from experiments.
With such manufacturing capability, future work continuing on this study will
be using this process on producing miniaturized and highly e cient electromagnetic
driven flapping robots with a wing span around 3  4cm, potentially achieving a lift
to weight ratio of 2. To compensate the nonlinear nature of the hinge material, and
aiming to improve the durability and service lifespan of the hinge, new structures
design and new material with greater linear elastic region are needed. Using the
composite manufacture technique, wing with more degree of freedom sti↵ness can
also be fabricated leading to better wing trajectory and more e cient lift generation.
In addition, more functionality including swappable wings, tunable sti↵ness can be
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